Fungi serve as a food source for a wide variety of animals. Among mammals, most species feed on fungi occasionally or accidentally while foraging for other type of food, but some species are frequent mycophags and fungi can be a dominant component of their diet. Examples of mycophags can be found among marsupials: wallabies and bettongs; and rodents: squirrels, chipmunks, voles and mice.
Introduction
Mycophagy, or fungivory is a feeding habit of consuming fungi. Depending on the degree to which animals feed on fungi, mycophagy can be: obligatorythe diet consists entirely or mostly of fungi; preferential -fungi are preferred to other food types but the animal feeds regularly on different food sources; opportunistic -fungi are eaten occasionally and accidental when fungi are eaten while foraging for a different kind of food (Trappe et al. 2009 ).
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Fungivory is very common and is mostly associated with snails and insect larvae feeding on "grubby" fruit bodies (Trappe et al. 2009 ), but many groups of vertebrates, like mammals, also make use of this food source. Examples of mammal mycophags can be found in the families of Sciuridae (squirrels and chipmunks), Cricetidae (voles), Muridae (mice), Macropodidae (kangaroos and wallabies), Potoroidae (rat-kangaroos and bettongs), and bigger animals, like Suidae (pigs) and Cervidae (deer) (Fogel & Trappe 1978) . Insectivorous mammals, such as shrews (Soricidae), are examples of accidental or opportunistic mycophags that feed on hypogeous fungi while foraging for invertebrates (Kataržyte & Kutorga 2011) . Recently primates are becoming a new and interesting group in studies on mycophagy. Mushrooms are not a common food source for those mammals and they mostly enrich the animals' diet, when available. Some examples of primate mycophagy can be observed among macaques, marmosets and lemurs (Hanson et al. 2003 , Hilario & Ferrari 2011 .
As animals can eat the whole fruit body, traces of animal foraging may be difficult to observe and track with the naked eye. Therefore, the prime method for determining whether mammals feed on fungi is microscopic and DNA analysis of faecal samples and intestine contents, for presence of spores. The fungal material can even be found in samples from stomachs and faeces of predatory mammals, since they feed on mycophagous animals (Fogel & Trappe 1978 , Lehmkuhl et al. 2004 .
The aim of this paper is to show some aspects of mammalian mycophagy regarding feeding on a particular food source that are hypogeous fungi. The case studies presented here will consider two mammal groups: rodents (Rodentia) and marsupials (Marsupialia), having well known records of mycophagy and hereafter referred as small mammals.
Hypogeous fungi as a food source
Macroscopic fungi produce fruit bodies on the ground to enable spore dispersal which is additionally enhanced by releasing mechanisms. This, however, does not occur in hypogeous fungi. These fungi produce closed, underground sporocarps with no opening mechanisms. As the spores cannot be released into the air, the main way for their dispersion is through animal activity (Johnson 1996) . Animals take part in spore dispersion in a couple of ways: by digging up, and thus opening the sporocarps and releasing spores into the air, by eating the sporocarps and spreading spores in faeces or by carrying spores on their bodies after walking through an already decayed sporocarp (Cork & Kenagy 1989 , Johnson 1996 , Trappe et al. 2009 ). Some hypogenous fungi produce sporocarps in more than one season of the year. For example, Elaphomyces, which is the most common genus of truffle-like fungi in Poland, produces fruit bodies in the spring, summer and autumn, and usually more than one generation of fruit bodies can be found (immature, mature and overriped). In humid periods, old fruit bodies break up, producing an intense smell (Ławrynowicz et al. 2006) . The mature fruit bodies produce characteristic aromas resembling hormones attracting animals. The chemistry of those odours and animal reaction to them differ among species (Fogel & Trappe 1978 , Johnson 1996 , Trappe & Claridge 2005 . Chemical analyses suggest that the major compound responsible for the characteristic smell of truffles is dimethyl 91
sulphide. An earlier hypothesis that those aromas resemble pheromones was rejected experimentally using dogs and pigs (Johnson 1996) .
Fungal cell walls are built of carbohydrates, primarily of chitin, which can be digested only by some animals (Cork & Kenagy 1989 , Claridge et al. 1999 . For those who can digest them, hypogeous fungi are a source of phosphorus, potassium, calcium, magnesium, and most importantnitrogen (Johnson 1996 , Claridge et al. 1999 , Trappe et al. 2009 ). 80% of the nitrogen is contained in the indigestible spores, and from the remaining 20%, only a half is in the form of proteins, and the other half is built into complex and mostly indigestible structures of cell walls (Cork & Kenagy 1989 , Johnson 1996 , Claridge et al. 1999 , D'Alva 2007 , Trappe et al. 2009 .
Fungi are also a source of water, which constitutes 80-90% of their mass (Claridge et al. 1999 , Trappe et al. 2009 ). It is possible that the high concentration of water in hypogeous fungi, and their relatively low dry mass makes them nutritious, when eaten in large numbers. Therefore, in the autumn, when hypogeous fungi appear in abundance, the cost of foraging for this type of food is lower than for other food sources. Moreover, animals can easily find intensively smelling matured fruit bodies, and along with them, a concentration of more fruit bodies than they can consume in one intake (Cork & Kenagy 1989 , Johnson 1996 . In the case of small mammals, the balance of costs and benefits from foraging for fungi is little above zero. As a result, although this is enough for them, it is not enough for larger mammals, like deer, which in turn eat fungi less frequently (Fogel & Trappe 1978 , Cork & Kenagy 1989 , Trappe et al. 2009 ).
The spores of hypogeous fungi pass through an animal's digestive system with no changes in their structure and stay viable after leaving it (Cork & Kenagy 1989 , Claridge & Lindenmayer 1998 , Claridge et al. 1999 , Trappe et al. 2009 ). While inside the alimentary canal, spores are subject to heat and chemical treatment, of which both can stimulate spore germination. However, the mechanism of these factors' influence on the spores remains unclear and the evidence is mixed. The laboratory studies by Colgan and Claridge (2002) support the hypothesis that the passing of spores through an animal's digestive system can enhance the spores' ability to germinate, but it differs depending on the mycophagous animal species. This is due to the differences in mycophags gut retention, body temperature and digestive system structure (Colgan & Claridge 2002) . Another factor are the conditions required for germination, which also differ among fungal species (Trappe & Claridge 2005 ).
Examples of small mammal mycophagy on hypogeous fungi
Small mammals usually eat fungi as a part of a diverse diet that includes fruit, seeds, herbs, invertebrates and other food sources but they may, in some cases, prefer fungi to other food items (Fogel & Trappe 1978 , Johnson 1996 , D'Alva 2007 . Examples of mycophagous species along with the dietary volume of consumed fungal material are shown in table 1. The volume for Bettongia gaimardi is cited after Johnson (1996) , and the other species are cited after Fogel and Trappe (1978) with data taken from works of Trevis (1953) , Mckeever (1964) , Steinecker and Browning (1970) , and Drożdż (1966) . Hypogeous fungi serve as a food source for various species of small mammals characterised by different foraging behaviour (Fogel & Trappe 1978 , Trappe et al. 2009 ). Australian wallabies, for example, find fruit bodies a couple of centimetres below soil surface, whereas bettongs, which are equipped with longer claws, can dig to the lower parts of the ground profile, thus making their diet more diverse (Verns & Lebel 2011) . Australian mammals that feed on fungi are mostly small, eat less plants and their digestive system is adapted for longer gut retention times and fermentation to assimilate more nutrients from heavy digestible fungi (Danks 2012) . Some rodents, like voles, have similar adaptations. They are able to digest complex polysaccharides, like chitin, which indicates a complicated fermentation process in the digestive system. Voles are also very effective in reducing losses of nitrogen in faeces, due to the colonic separation mechanism, and a characteristic spiral construction of the proximal colon. This enables them to digest fungal material sufficiently. Some species of voles, like bank vole Myodes glareolus and field vole Microtus agrarius, practice coprophagy (consumption of faeces) which is also an adaptation for digesting heavy food, particularly cellulose (Cork & Kenagy 1989 , Lee & Houston 1993 , Claridge et al. 1999 .
Many squirrels feed frequently on hypogeous fungi, among them the American red squirrel Tamiasciurus hudsonicus, Townsend's chipmunk Tamias townsendii and northern flying squirrel Glaucomys sabrinus (Colgan & Claridge 2002 , Bertolino et al. 2004 . Studies on G. sabrinus show that it 93 prefers hypogeous fungi in its diet and consumes them when available. Flying squirrels actively search for fungi on the ground, despite the higher risk of predation from lynxes and coyotes (Trappe et al. 2009 ).
Kataržyte and Kutorga (2011) observed that the Apodemus mice, and the bank vole Myodes glareolus feed on fungi for most of the year with the number of faecal samples containing spores increasing from 50% in the spring to 83% in the autumn. The number of fungal species found also increased. The most frequently observed genus was Elaphomyces. Studying the faecal samples from small mammals in search for spores can be helpful in evaluating the biodiversity of hypogeous fungi on given terrain. Kataržyte and Kutorga (2011) found 9 species of hypogeous fungi in samples from mice Apodemus sp., bank vole Myodes glareolus, common shrew Sorex araneus and pygmy shrew S. minutus, while only 5 species were found during the search for fruit bodies. Moreover, the presence of Chamonixia caespitosa, and fungi of the genus Genea in Lithuania are documented only from faecal samples from small mammals (Kataržyte & Kutorga 2011) .
Relationships in ecosystems -mycophagy and mycorhiza
In comparison with anemochoric spores, zoochoric spores have a significantly larger range of dispersion because foraging areas of small mammals can range from 1 to even 100 ha (Johnson 1996) . Studies on population structure of hypogeous fungi show little genetic diversity between neighbouring sites, which means that long distance spore spreading prevents losses in the genetic pool of the population (Johnson 1996 , Bertolino et al. 2004 . Animals carry spores into early successional habitats, like glacier forefronts and burnt down forest patches, where the fungi have fewer competitors (Cazares & Trappe 1994) . Additionally, less frequent species of fungi are prevented from competitive exclusion by more widespread species because animals feed on a variety of species and spread spores equally (Johnson 1996) .
Hypogeous fungi occupy a very specific niche, being mycorrhizal partners for roots of vascular plants (Fogel & Trappe 1978 , D'Alva et al. 2007 , Trappe et al. 2009 ). They have a positive effect on their host plants, and may also influence the plant community structure in the given area as well as the overall condition of the ecosystem. The interactions between mycorrhizal fungi, their tree hosts and spore dispersing mycophags are the topic of multiple studies conducted in various regions in Europe, North and South America and Australia (Claridge et al. 1999) . Experimental works have shown that some fungi that originated from spores that passed through animals' digestive systems form mycorrhiza with seedlings more rapidly than fungi from spores that were deposited into soil directly from the fruit body (Johnson 1996 , Claridge et al. 1999 , Colgan & Claridge 2002 .
Many animals, both mycophages and predators, depend on trees for shelter, food and breeding places. In turn, the growth of trees is aided by mycorrhizal fungi. Therefore, mycorrhiza and mycophagy may be inseparable phenomena influencing the structure, functioning and stability of the forest ecosystem (Johnson 1996) . Any disturbance in this complex net of relations can influence all its other parts. It is vital to expand the knowledge of the forest ecosystem and the interactions 94 POŁATYŃSKA M.
between organisms composing it, as it would give us a wider perspective regarding the forest management (Colgan et al. 1999) .
